The molecular chaperone, heat shock protein 70 (Hsp70), acts at multiple steps in a protein's life cycle, including during the processes of folding, trafficking, remodeling and degradation. To accomplish these various tasks, the activity of Hsp70 is shaped by a host of co-chaperones, which bind to the core chaperone and influence its functions. Genetic studies have strongly linked Hsp70 and its co-chaperones to numerous diseases, including cancer, neurodegeneration and microbial pathogenesis, yet the potential of this chaperone as a therapeutic target remains largely underexplored. Here, we review the current state of Hsp70 as a drug target, with a special emphasis on the important challenges and opportunities imposed by its co-chaperones, protein-protein interactions and allostery.
INTRODUCTION
Heat-shock protein 70 (Hsp70) is a molecular chaperone that interacts with exposed hydrophobic amino acid in polypeptides [1] [2] [3] [4] . This interaction assists in the folding of newly synthesized proteins and minimizes their aggregation, but, in addition to these activities, Hsp70 also binds partially folded substrates and regulates their functions [5] [6] [7] [8] . For example, this chaperone is required for clathrin re-modeling during endocytosis, it stabilizes proteins associated with apoptotic and nuclear hormone signaling and it assists in protein turnover [9] [10] [11] [12] . Thus, Hsp70 is able to intersect with a protein during virtually every stage of its life cycle: from primary folding to function and degradation. Moreover, Hsp70 is thought to bind promiscuously, so it is able to serve as a core chaperone for the proteome [13, 14] . Because of this diversity and breadth of functions, Hsp70 is considered a central mediator of protein homeostasis and, not surprisingly, it has been implicated in many diseases as a potential therapeutic target.
Despite the promise of Hsp70 as a pharmacological objective, its targeting is complicated by a number of factors. For example, Hsp70 is abundant (~ 1-2% of total cellular protein) and highly conserved, with approximately 50% sequence identity between prokaryotic and mammalian family members. In addition, many organisms express multiple Hsp70s (e.g. 13 in humans) and members are found in all the major subcellular compartments. The complexity of Hsp70's functions (e.g. folding, degradation, trafficking and remodeling) and its ubiquitous expression patterns create numerous challenges in designing safe and effective therapeutics [15] . How can specific Hsp70 functions (e.g. folding) be disrupted to achieve desired therapeutic outcomes? Can subsets of Hsp70 substrates be preferentially disrupted, despite the broad activity of the chaperone? Can prokaryotic Hsp70s be selectively targeted for anti-bacterial applications, *Address correspondence to this author at the University of Michigan, Life Sciences Institute, 210 Washtenaw Ave, Ann Arbor, MI 48109-2216; Tel: (734) 615-9537; E-mail: gestwick@umich.edu despite the high sequence homology? The field of Hsp70 therapeutics is in its infancy, so many of these questions remain unanswered. However, in this review, we will discuss Hsp70's role in disease and specifically focus on how structure and function studies might assist identification of therapeutic leads.
STRUCTURE AND FUNCTION OF Hsp70

Domain Architecture
Hsp70 is a 70 kDa molecular machine that binds hydrophobic peptide sequences, hydrolyzes ATP and directs its substrates into a variety of distinct fates. These tasks are accomplished by a relatively minimal structure composed of three major domains: a ~44 kDa N-terminal nucleotide binding domain (NBD), a ~15 kDa substrate binding domain (SBD) and a ~10 kDa C-terminal alpha helical, "lid" domain ( Fig. 1) . The NBD contains the important site for ATP binding and hydrolysis. When ATP is bound, the SBD and NBD exhibit coupled motion, suggestive of their tight association [16, 17] . Also in this ATP-bound form, the lid domain remains open, which facilitates transient interactions with substrates ( Fig. 2) . Following ATP hydrolysis, a conformational change releases the SBD, resulting in closure of the lid and a ~10-fold increase in the affinity for substrate [18, 19] . The conformation change associated with ATP hydrolysis is communicated through a key proline switch and involves the conserved, hydrophobic linker that connects the NBD to the SBD [20] . Together, these structural and biochemical studies have begun to reveal the dynamic changes in Hsp70 that accompany nucleotide hydrolysis and substrate binding [21] . However, the intrinsic ATPase rate of Hsp70 is remarkably slow (on the order of 0.2 nmol/ g/min) [22] , so one question in chaperone biology is to understand how this enzyme is regulated and stimulated in vivo. Towards that end, multiple physiological factors, including substrates and co-chaperone proteins, bind Hsp70 and modify its nucleotide turnover. Because the ATPase activity of Hsp70 is central to controlling its structure and function,
Nucleotide Exchange Factor Co-Chaperones
Completion of Hsp70's ATPase cycle requires release of ADP, which is a process that is catalyzed by another class of co-chaperones, the nucleotide exchange factors (NEFs). These co-chaperones accelerate ADP release through interactions with the NBD and they can be categorized into four distinct, evolutionarily unrelated families named after representative members: GrpE, Bag1, Hsp110 and HspBP1. Prokaryotic GrpE was shown to increase the rate of release of nucleotide from the bacterial Hsp70, DnaK, without affecting the rate of hydrolysis [39] . Similar findings were shown with the mammalian GrpE counterparts [40] . Together with DnaJ, GrpE stimulates the overall ATPase activity of DnaK by ~50 fold [41] , which suggests that the catalytically active chaperone is minimally composed of this multi-protein complex [42, 43] . Co-crystallization revealed that a dimer of GrpE binds asymmetrically to a single molecule of DnaK and forces the two lobes of the NBD open by 14° [44] . In addition to its roles as a NEF, GrpE has also been shown to function as a thermosensor; it reversibly unfolds in response to heat shock, thus decreasing the rate of nucleotide exchange and favoring substrate retention until conditions improve [43, 45, 46] . The second class of NEFs is named after Bag-1 (Bcl-2-associated athanogene-1), which was the first eukaryotic exchange factor to be identified [47] . This family contains 6 members in humans, characterized by a C-terminal BAG domain that interacts with Hsp70. Like GrpE, the BAG domain induces a 14° outward rotation in the NBD lobes [48, 49] . The conservation of this mechanism is interesting because BAG domains are structurally and evolutionarily unrelated to GrpE. Importantly, the BAG family members typically possess a variety of additional protein-protein interaction motifs and, like the J-domain cochaperones, these regions are thought to bring unique capabilities into the Hsp70 machinery. For example, Bag1 has an ubiquitin-like domain through which it interacts with the proteasome, stimulating degradation of Hsp70 substrates [50] . Although GrpE and Bag-1 share mechanistic features, the other major classes, HspBP1 and Hsp110, are both structurally and functionally distinct. For example, the cocrystal structure of HspBP1 revealed that this NEF reduces the affinity for nucleotide by binding to the NBD and displacing one lobe through a steric conflict [51] . Members of the Hsp110 family are structurally similar to Hsp70 and, consistent with this observation, they protect against aggregation of heat-denatured proteins in addition to their poorly understood NEF functions [52] [53] [54] [55] [56] . Importantly, the substrate-binding activity of Hsp110 is strictly associated with 'holdase' outcomes and these factors are not competent in the active refolding of denatured substrates. Together, these four classes of NEFs comprise a diverse array of important co-chaperones that interact in only partially overlapping regions on the Hsp70 surface. More-over, like Jdomain proteins, they possess separate, intrinsic capabilities and/or interact with other cellular pathways to recruit Hsp70 into a variety of tasks.
TPR-Domain Co-Chaperones
The tetratricopeptide repeat (TPR) is a 34 amino acid motif found in a class of co-chaperones that bind at the extreme C-terminus of Hsp70's lid domain, a region characterized by four conserved amino acids, EEVD. Interestingly, the C-terminal EEVD motif is found in both Hsp70 and Hsp90, but not the prokaryotic DnaK or the mitochondrial or ER-resident Hsp70 isoforms. The structure of a representative TPR reveals that it interacts with the negatively charged side chains of the linear EEVD peptide [57] . In addition, residues upstream of the conserved EEVD are also recognized and these sites have been hypothesized to provide specificity [58, 59] . Binding of some TPR domains appears to be dependent on the nucleotide state of Hsp70, for example, the TPR-domain protein, Hop, binds tighter to the ADP-bound form [60] . Moreover, yeast Sti1 can actively stimulate the ATPase activity of the yeast Hsp70 Ssa1 [61] , suggesting crosstalk between the TPR co-chaperones and nucleotide turnover. In addition to their ability to bind Hsp70 and regulate ATP hydrolysis, the various TPR-containing proteins exhibit an array of additional activities, provided via their other domains. For example, Hop has two TPR domains and it mediates the association between Hsp70 and Hsp90 [62] . Hop-mediated substrate transfer between these major chaperone networks is thought to be critical to some functions, such as nuclear hormone receptor signaling [10, 63] . Conversely, CHIP (carboxyl terminus of Hsc70 interacting protein) is a TPR-domain protein that both inhibits Jdomain-stimulated ATPase activity and also contains a Ubox domain associated with E3 ubiquitin ligase activity. Through this modality, CHIP has been shown to ubiquitinate Hsp70 substrates, diverting them to the proteasome [64] [65] [66] [67] . Thus, CHIP functions as a chaperone-associated, quality control monitor that can tag substrates for degradation. Knockouts of CHIP are viable and show distinct phenotypes [68] , suggesting this co-chaperone plays roles that are not entirely redundant with other TPR family members.
Combinatorial Assembly of Hsp70 Complexes
Mammalian cells contain approximately 13 Hsp70s, over 40 J-domain proteins, at least 4 distinct types of NEFs and (conservatively) dozens of proteins with TPR-domains. At any given time, an individual Hsp70 molecule can only interact with a single representative of each major class; therefore, in theory, tens of thousands of possible complexes might be formed (Fig. 3) . Thus, a major question in chaperone biology is how these various components are assembled and whether different combinations always lead to specific outcomes. The answer to this question might lead to a better understanding of how Hsp70 can engage in its dizzying array of biological processes, from folding to trafficking, endocytosis and protein turnover. Moreover, understanding the emergent properties of each complex might provide insight into how Hsp70 can act on such a wide range of substrates. Most important for this discussion, the 'combinatorial assembly' hypothesis creates a number of important challenges and opportunities for drug discovery. For example, can compounds selectively block contact between Hsp70 and individual co-chaperones, thus shaping chaperone outcomes? Although chemical perturbation of protein-protein interactions has become increasingly common [69] [70] [71] , the path to these compounds remains less straightforward. Given that Hsp70 is central to many cellular processes, effective and safe compounds might be required to act on specific Hsp70 complexes in order to avoid toxicity associated with global disruption of proteostasis.
ROLES OF Hsp70 IN DISEASE
Consistent with Hsp70's many roles in the maintenance of the proteome, genetic studies have implicated this chaperone in numerous diseases. In some of these instances, disease pathology is associated with "too much" Hsp70 activity (e.g. aberrant stabilization of a specific substrate). In other examples, defects appear to arise from a failure of Hsp70 to properly recognize and remove misfolded substrates. Thus, disease might arise from disruption of the proteostasis network in either direction. These observations are certainly consistent with the complexity of Hsp70's function in protein processing. In this section, we will briefly outline some of the molecular roles for Hsp70 in disease and point out some of the remarkably diverse opportunities for therapeutic intervention.
Cancer
Hsp72, a stress inducible Hsp70, is known to directly inhibit several steps in apoptotic signaling, including both intrinsic and extrinsic pathways [72] . Hsp72 inhibits lysosomal membrane permeabilization [73] , activation and Hsp70 forms the core of a multi-protein complex and associates with numerous co-chaperones. A least three distinct classes of cochaperones interact with Hsp70 and regulate its activity, its localization and the fate of its associated substrates. Representative structures are shown to highlight the macro-molecular interactions and protein-protein surfaces involved. The J domain co-chaperones and NEFs primarily interact with the NBD, while the TPR-domain proteins bind the C-terminal region in the lid. In addition, each cell is thought to harbor multiple co-chaperones from each class, which suggests that combinatorial assembly can occur at these distinct surfaces. The identity of the specific, representative structures and the corresponding PDB code numbers are included. As noted in the text, there are multiple classes of NEFs and only the GrpE interaction is pictured. All images were prepared in PyMol.
translocation of pro-apoptotic factors such as JNK, BID, BAX, or AIF, and release of cytochrome c from mitochondria. In addition, Hsp72 has been shown to suppress cellular senescence pathways [74, 75] . Consequently, its levels are elevated in several cancer cell lines and overexpression of this chaperone is correlated with poor prognosis [76] and resistance to chemotherapies [77] . Important roles have also been attributed to the mitochondrial Hsp70 isoform, mtHsp70 or Grp75, which was identified as a mortality factor in cancer and thus named "mortalin". mtHsp70 is over-expressed in breast, colon and colorectal cancer cells and its upregulation has been shown to induce malignant transfor-mation in a mouse model [78, 79] . Moreover, RNAi knock-down of the chaperone causes growth arrest in human immortalized cells [80] . Finally, the ER-localized BiP has also been implicated in cancer [81] . It is highly expressed in glioblastomas and its expression exhibited a negative relationship with patient survival [82] . Recently, BiP was found to promote angiogenesis and assist proliferation of tumor cells [83] . Together, these studies illustrate Hsp70's anti-apoptotic roles, consistent with a general capacity as a stress-inducible, pro-survival factor.
Based on these studies, Hsp70 has been proposed to be a potential drug target in cancer. In part, this model is based on parallel studies on Hsp90. Briefly, Hsp90 is thought to both enhance the cellular capacity to accommodate otherwise toxic proteins, while also preventing the onset of apoptosis by stabilizing pro-survival substrates, such as Akt [84] [85] [86] [87] [88] [89] . Inhibitors of Hsp90 show selective toxicity against cancer cells in vitro and they are currently in multiple clinical trials [90] . Interestingly, Hsp90 in tumor cells is predominantly complexed with its co-chaperones, whereas, normal cells contain higher levels of free (or latent) Hsp90 [91] . Consistent with this concept, the Hsp90 inhibitor, 17-AAG, binds with higher affinity to the Hsp90 complex than to the latent chaperone, suggesting a mechanism for specific toxicity in cancer cells. The analogous studies have not been thoroughly performed for Hsp70, but, as discussed above, this chaperone is also known to interact with numerous substrates and co-chaperones. Moreover, Hsp90 and Hsp70 appear to share common substrates in anti-apoptotic signaling and both chaperones are over-expressed in tumor cells, presumably because of the higher demand for protein folding and the stressful microenvironments that these cells encounter. Thus, Hsp70 may also be a good target for anticancer strategies in much the same way as Hsp90.
One interesting aspect of Hsp90-based treatments, which has yet to be thoroughly explored for Hsp70, is the ability of some Hsp90 inhibitors to induce a compensatory stress response. Hsp90 inhibitors lead to over-expression of Hsp72 and many other heat shock proteins, through release of HSF1. Briefly, the transcription factor, HSF1, is held in an inactive state by the Hsp90 complex [92, 93] . Accumulation of misfolded substrates diverts the chaperone and triggers nuclear localization of HSF1, which results in upregulation of targets involved in protection from cellular stress. This feedback loop has been hypothesized to decrease the overall effectiveness of Hsp90 inhibition by elevating the overall chaperone pool [94, 95] . Moreover, these observations suggest that the efficacy of Hsp90 inhibitors may be improved by co-administration with Hsp70 inhibitors. Consistent with this idea, Guo et al. used siRNA against Hsp70 to increase the efficacy of 17-AAG in cancer cells [96] . Recently, Powers et al. showed that simultaneous suppression of two cytosolic Hsp70s, Hsc70 and Hsp72, also sensitized cancer cells to 17-AAG [97] . Together, these findings highlight the inter-connectivity of the chaperone networks and the ability of the basic biological knowledge to assist in design of therapeutic strategies.
Neurodegenerative and Protein Misfolding Diseases
Many neurodegenerative disorders, such as Alzheimer's and Parkinson's diseases, are characterized by abnormal protein misfolding and accumulation [98] [99] [100] . In these disorders, misfolded proteins are not properly cleared by the chaperone/quality control system and, subsequently, they self-associate into cytotoxic oligomers. Conversely, other indications such as cystic fibrosis and Gaucher disease involve premature protein degradation [101] . For example, certain point mutations in the cystic fibrosis transmembrane receptor (CFTR) cause aberrant degradation in the secretory pathway, leading to pathology consistent with a loss-offunction. Thus, many important diseases involve alterations in protein homeostasis, but some involve seemingly insufficient chaperone capacity while others appear to arise from overactive chaperone decisions. Recently, the "proteostasis boundary" hypothesis has been put forward to describe this concept and its relationship with disease (for a review of this concept: [102] ). Because of its central role in protein processing, it isn't surprising that Hsp70 has been linked to both types of disorders [103, 104] . For example, Hsp70 has been over-expressed in S. cerevisiae [105] , mouse [106, 107] , Caenorhabditis elegans [108] and Drosophila melanogaster [109] [110] [111] models of neurodegenerative disease. In each of these experiments, high levels of Hsp70 were found to partially restore normal physiology or block protein aggregation. Similarly, pharmacological induction of Hsp70 has been found to be a beneficial effect in some models; compounds such as 17-AAG or celasterol, which stimulate a stress response and enhance expression of heat shock proteins, are sometimes protective [112, 113] . This recovery is thought to result, in part, from enhanced cellular capacity to process proteins, combined with enhanced pro-survival signaling. Conversely, reduction of chaperone function has been found to be beneficial in cases involving premature degradation; or example, mutation of either Hsp70 or the Jdomain co-chaperones, YDJ1 and HLJ1, reduces degradation of CFTR in models of cystic fibrosis [114, 115] . Thus, the relationship between Hsp70 and disease is complex, and the desired properties of a therapeutic are expected to be dependent on the specific damage to the proteostasis boundary.
Consistent with this idea, co-chaperones that regulate Hsp70 are also thought to be important in disease. For example, the interaction of Hsp70 with the TPR-domain proteins CHIP [116] [117] [118] and BAG2 [119] are important for clearance of tau, a protein implicated in Alzheimer's disease. Similarly, over-expression of the J-domain co-chaperone, Hsp40, or the Hsp70-interacting protein, E6-AP, has been found to be sufficient to inhibit polyglutamine aggregation [105, 120] and RNA interference of the Hsp90 co-chaperone, Aha1, partially recovers CFTR stability [121] . Together, these genetic findings point to the Hsp70 complex (e.g. the core chaperone and its associated factors) as potential targets for pharmacologic intervention in neurodegenerative and protein misfolding disorders.
Microbial Pathogenesis
The prokaryotic Hsp70, DnaK, has been strongly linked to bacterial survival under stress [122] [123] [124] [125] . In addition, Hsp70s have also been linked to malarial infection [126] and host-pathogen interactions [127] . Consistent with these roles, knockouts of E. coli DnaK are viable under normal laboratory conditions, but they are sensitive to elevated temperature [128] or addition of antibiotics [124] . Moreover, null mutations in DnaK make Staphalococcus aureus less efficient in mouse infection models [125] and Streptococcus mutans dnak strains have impaired biofilm formation [123] . Consistent with the entire Hsp70 chaperone system being important in disease, knockouts of the regulatory cochaperone, DnaJ, also show growth defects under stress conditions [124, 129] . Together, these observations have led to the hypothesis that inhibitors of DnaK and its cochaperones might have antibiotic applications. Importantly, the expected mechanism would be to sensitize pathogens towards additional stresses.
Other Diseases
In addition to being implicated in cancer, protein misfolding disorders and infection, Hsp70 and its co-chaperones have been associated with numerous other diseases, including Crohn's disease [130] , Behcet's disease [131] , ischemic stroke [132] and ALS [133] , and this chaperone also plays roles in normal aging [134, 135] . The breadth of these indications highlights the chaperone's central role in protein homeostasis. Moreover, these observations suggest that chemical modulators of Hsp70 might find use in a wide variety of indications, but that therapeutic selectivity might be challenging to achieve.
TARGETING THE NUCLEOTIDE BINDING DOMAIN
As mentioned above, Hsp70 is composed of multiple domains, including the NBD and SBD. These domains each harbor specific activities and interact with key co-chaperones. Thus, Hsp70 is a dynamic, multi-component machine, with numerous potential locations for chemical manipulation. Accordingly, the known modulators of Hsp70 share little structural similarity and they bind multiple regions of the Hsp70 protein. Here, we will separate the compounds based on their chemical scaffold and their proposed binding location in either the NBD or the SBD. In addition, there are a few compounds whose binding sites have not been explored [136] .
Nucleotide Mimetics
Compounds that compete with ATP for binding to Hsp70 would be expected to have significant effects on chaperone function, as this turnover is required for many of its activities. By analogy, many of the successful Hsp90 inhibitors, which have been informative in mechanistic and therapeutic studies [137, 138] , are ATP-competitive. Thus, compounds that displace ATP from Hsp70 are also expected to be powerful tools [72] . Unlike Hsp90, the Hsp70 chaperone binds to nucleotide using the actin-like fold, so compounds that bind Hsp90's ATP-binding sites are not cross-reactive with Hsp70. To solve this problem, Williamson et al. recently designed and synthesized adenosine-derived molecules based on the X-ray crystal structure of a commercially available ATP analog in complex with Hsc70/Bag1 [139] . Several rounds of SAR studies afforded molecules with affinity for Hsp70 that are comparable to that of ATP; for example, compound 12 showed an IC 50 of 0.5 M by a fluorescent polarization assay and a K D of 0.3 M by surface plasmon resonance (Fig. 4) . Consistent with a role for Hsp70 in cancer cell viability, this compound also exhibited a GI 50 of 5 M against human colon tumor (HCT)-116 cells and caused degradation of the Hsp90 clients, Her2 and Raf-1. Following the logic that Hsp90 inhibitors have been useful probes, it seems likely that these Hsp70-directed compounds will also be important reagents in the arsenal. Of course, further studies on their selectivity and potency are needed.
(-)-Epigallocatechin Gallate (EGCG)
EGCG is a naturally occurring polyphenolic flavonoid that has various biological activities, including its functions as an antioxidant. Among these functions, it has also been shown to interact with the ER-resident Hsp70, BiP, by affinity chromatography [140a]. Subsequently, the binding site was localized to the NBD using deletion constructs and it was shown to compete with ATP for binding. Although the selectivity of this compound is uncertain, it was shown to enhance the apoptotic activity of the chemotherapeutic, etoposide, consistent with a role for BiP in pro-survival signaling. Thus, one of the activities of EGCG in cancer cells might involve partial inactivation of Hsp70 function. In support of this model, another flavonoid myricetin, has recently been reported as an inhibitor of this chaperone [140b]. This compound inhibits the ATPase activity of Hsp70 (IC 50 ~ 10 μM) and initiates rapid, Hsp70-mediated degradation of the Alzheimer's disease-related substrate, tau. Importantly, over-expression of Hsp70 significantly enhanced the potency of myricetin in cell-based models, consistent with this chaperone being a cellular target. It remains to be seen whether more selective com-pounds can be developed, based on these studies and the polyphenol structure.
MKT-077
The NBD is also thought to be the site of action of MKT-077, a cationic, rhodacyanine dye with selective toxicity against cancer cells. This compound killed CX-1 colon carcinoma cells (IC 50 ~ 7 M) but had no effect on normal epithelial cells [141] and it has been explored in phase I clinical trials as an anti-tumor agent [142] . Using a pull down assay, Wadhwa, et al. first showed that the molecule binds to mtHsp70 [143] . In support of the mtHsp70 binding, MKT-077 is known to localize to mitochondria, likely because it is cationic [144] . The same group also localized the binding site to the NBD of mtHsp70 using deletion mutants [145] . Interestingly, the binding site of MKT-077 overlapped with that of p53, suggesting that it might disrupt p53-mtHsp70 interactions and influence apoptotic signaling [146] . Selectivity wasn't reported and the compound also appears to bind actin [147] , but the 'drug-like' nature of this scaffold warrants further investigation.
Sulfoglycolipids
In binding assays, sulfogalactoglycerolipid (SGG) and sulfoglactosylceramide (SGC) were identified as having affinity for a testis-specific Hsp70 [148] . Using domain deletions and site-directed mutagenesis, the binding site was determined to reside in the NBD [149] . These compounds also bind Hsc70s from multiple organisms, highlighting the potential problem of selectivity in this highly conserved family. Interestingly, these compounds did not affect the Km of ATP turnover but they did decrease Vmax, suggesting a noncompetitive mechanism. Further structural studies will be required to understand whether these compounds operate by an allosteric binding site. However, such studies seem worthwhile, as a derivative of SGC, adamantylSGC, inhibited the ATPase activity of bovine brain Hsc70, a potential target in neurodegenerative disease [150] . Because of the similarity of these compounds to endogenous glycolipids, it is also interesting to hypothesize that they might be taking advantage of intrinsic regulatory mechanisms (e.g. mimicking interactions between Hsp70 and signaling lipids) [151] .
Dihydropyrimidines
Because ATPase activity appears to be important for many chaperone functions, screens for this activity have been useful tools for identifying new inhibitors and activators [15] . Using this approach and a subset of the NCI drug collection, NSC 630668-R/1 (R/1) was identified as an inhibitor of both endogenous and J-domain stimulated ATPase activity against two different Hsp70s, Ssa1p and BiP. Moreover, this compound blocked Hsp70-dependent protein translocation in cells [152] . R/1 contains a ketofunctionalized pyridine core and, based this on general hetero-aromatic structure, a more focused cheminformatic search was conducted. These efforts led to the testing of 31 small molecules, mostly peptoid-functionalized 2-dihydropyri-midinones generated by sequential Biginelli and Ugi reactions. This pilot library was screened for the ability to modulate the endogenous and J-protein stimulated ATPase activity of recombinant Ssa1p. From these efforts, com-pounds such as MAL3-101 were identified as inhibitors of J-domain protein stimulated Hsp70 activity. Conversely, MAL3-90 and related compounds enhance the endogenous ATPase activity but inhibit J-domain co-chaperone activity [153] . Thus, compounds from this class are able to modulate ATP turnover in either direction and their functions depend on the co-chaperone context. Given the complexity of Hsp70 biology, access to these different classes of compounds may be fortuitous. In support of this idea, dihydropyrimidines are able to tune Hsp70-mediated luciferase folding activity in either direction [154] . Following these initial studies, a focused library of functionalized dihydropyrimidines was assembled by microwave-assisted, in situ Biginelli cyclocondensation at the terminus of a resin-bound -peptide. A series of di and tripeptides with a range of hydrophobic and polar side chains were utilized to explore SAR in an ATPase assay against DnaK [22, 154] . These results confirmed that dihydropyrimidines operate as either stimulators or inhibitors of nucleotide hydrolysis. Members of this collection also showed some selectivity for Hsp70 isoforms, as one of these substituted dihydropyrimidines inhibited bovine Hsc70 but not E. coli DnaK [155] . Finally, hydrophobic groups pendant to the dihydropyrimidinone core were found to be important for activity.
Although the potency of these first-generation compounds is not yet optimized and they have modest IC 50 values ranging from approximately 10 to over 200 M, representatives of the class have been shown to possess interesting biological activities. Compound SW02, which stimulates ATPase activity, was shown to enhance the ability of Hsp70 to block aggregation of amyloid beta, an important target in Alzheimer's disease target [156] . In another model, analogs of MAL3-101 were shown to inhibit proliferation of SK-BR-3 cell cancer cells, presumably by modulating the anti-apoptotic functions of Hsp70 [157] . A similar derivative, MAL2-11B, was shown to inhibit the activity of a viral J-domain protein, T antigen. This activity was associated with a block in viral replication in a plaque assay, suggesting that MAL2-11B may represent a new class of polyomavirus inhibitors [158] . Select pyrimidinone-peptoid hybrid compounds also exhibit potent effects on the malaria parasite, Plasmodium falciparum, and were shown to inhibit its replication in human red blood cells [159] . Recently, compounds from this class have also been shown to alter processing of the microtubule-associated protein, tau. Specifically, the dihydropyrimidines, SW02 and 115-7c, stimulate the ATPase activity of Hsp70 in vitro and these compounds also promote tau accumulation in models of Alzheimer's disease [140b]. These results highlight the interesting relationship between Hsp70 and the stability of its substrates. While more potent derivatives will likely arise from further studies, the first-generation probes have been successfully used in a diverse collection of applications.
TARGETING THE SUBSTRATE BINDING DOMAIN Substrate Mimetics
A number of short, antibacterial peptides, including drosocin, pyrrhocoricin and apidaecin, have been shown to bind E. coli DnaK [160] . These peptides are interesting because an analog of pyrrhocoricin exhibits broad-spectrum antibacterial activity against both gram-positive and gramnegative species. Competition experiments suggest that pyrrhocoricin (Kd ~ 50 M) binds to DnaK at two different sites, including the substrate-binding cleft of the SBD. Using fragments of the chaperone, another binding site was identified within the C-terminal "lid" domain. The interaction between this peptide and DnaK inhibits ATP turnover in vitro and folding of model substrates in vivo [161] , but it isn't clear if these particular activities are responsible for the observed anti-bacterial function. Interestingly, pyrrhocoricin, failed to bind DnaK from S. aureus and it also had no antibacterial activity against this species, consistent with this chaperone as a target. In addition to these natural antibacterial peptides, Haney et al. synthesized peptides that were patterned after DnaK's model substrate, NRLLLTG [162] . One of these peptides activated the ATPase activity of yeast Hsp70 Ssa1p by 10% at 300 M and modeling confirmed that this compound could occupy the SBD cleft. The stereochemistry of this peptide was important for function, as the enantiomer was inactive. Together, these studies indicate that targeting the substrate-binding pocket is an effective strategy for manipulating chaperone function. Another interesting observation in these studies was that pyrrhocoricin had no activity against human Hsc70, suggesting that this binding site might be leveraged to gain selectivity.
Geranylgeranyl Acetone (GGA)
GGA induces the expression of heat shock proteins and this compound has been used to activate the stress response [163, 164] . For many of the pharmacological inducers of the stress response, such as celasterol, their molecular mechanisms are only beginning to emerge [165, 166] . In an analogous attempt to explore how GGA operates, this compound was immobilized onto Sepharose and potential cellular targets identified by mass spectrometry. Interestingly, the major protein was found to be Hsp70 itself [167] . Subsequent experiments using truncated domains of Hsp70 suggest that the binding site of GGA is within the SBD. It still isn't clear why this interaction leads to a stress response. However, the similarity between GGA and the endogenous lipid modifications found on some proteins, such as farnesyl and geranylgeranyl groups, raises the interesting possibility that Hsp70 might natively recognize these lipidated substrates, but this hypothesis has not been thoroughly explored. Moreover, like many of the scaffolds, there has not been much chemistry performed on GGA or its derivatives, so its utility as a drug lead is largely unexplored.
Acyl Benzamides
In addition to their ATPase activity, Hsp70s are known to possess amide peptide bond cis/trans isomerase (APIase) activity [168] . This activity was specifically targeted by Liebscher et al., who designed and synthesized fatty acyl benzamides, consisting of three chemical moieties; a fatty acid, an aromatic linker and an amino acid residue (Fig. 5 ) [169] . One of these compounds inhibited the APIase activity of DnaK with an IC 50 value of 2.7 M and bound with a K D of 2.6 M. The compound also inhibited the chaperonemediated refolding of denatured firefly luciferase with an IC 50 value of 9.5 M. This compound was shown to compete with a model peptide for binding to DnaK, suggesting that it binds to the SBD. This compound was also tested for its antibacterial activity against E. coli and it was shown to decrease viability at a nonpermissive temperature (42 °C) with an MIC of ~380 g/mL. This action mirrors the failure of dnak strains to grow at elevated temperatures, consistent with this chaperone as a cellular target. Also consistent with anti-Hsp70 functions, electrophoresis experiments showed a significant increase in the amount of insoluble protein in the treated cells. To explore the potential of the acyl benzamide scaffold as a drug lead, the SAR was explored using both DnaK's APIase activity and antibacterial potency as indicators. Variations in the fatty acid moiety, including the number of carbons and unsaturations, impacted inhibition of DnaK in vitro, but the SAR did not correlate well with antibacterial activity. Similarly, substitution on the benzoic acid linker increased MIC but had no effect on the activity against DnaK. Together, these SAR studies suggest that antibacterial activity may involve cellular targets in addition to DnaK. However, it is important to note that Hsp70 is a complex machine and the relationships between APIase activity and other in vivo functions are uncertain. To better understand this relationship, the focused collection was examined for effects on chaperone-mediated refolding of firefly luciferase, but again the SAR of antibacterial activity and folding efficiency did not correlate. Despite some mechanistic questions, these acyl benzamides appear to be promising anti-bacterial leads. It will be interesting to see if they have selectivity for prokaryotic Hsp70 isoforms and whether they might be used in other systems to manipulate APIase and chaperone functions.
Spergualin Derivatives
The natural product spergualin was first identified as an antibiotic from culture filtrates of Bacillus laterosporus BMG162-aF2 [170] . Subsequently its structure was determined to be (15S)-1-amino-19-guanidino-11,15-dihydroxy-4,912-triazanonadecane-10,13-dione and only the (-)-spergualin enantiomer was found to be active. The Umezawa group accomplished the first total synthesis of spergualin and its analogues by the acid-catalyzed condensation ofguanidino alkanamides with glyoxyloylspermidine. They showed that both the carbon chain length in the polyamine region and the 15-hydroxyl group affected activity [171, 172] . Using these compounds in T-cell assays, they focused on (-)-15-deoxyspergualin (DSG) as a potent immunosuppressive agent [173] . To identify the cellular targets of DSG, human T-cell lysates were analyzed by affinity chromatography using Sepharose beads covalently coupled to methoxy-DSG [174] . Using Western blotting and peptide sequencing, the interacting protein was identified to be Hsc70. This interaction was further characterized through affinity capillary electrophoresis to obtain binding affinities for purified Hsc70 (K D = 4 M). Further studies revealed that DSG and its analogs stimulate the ATPase activity of Hsc70 (~2-fold; Km = 3 M), but had no effect on stimulation by J-domain co-chaperones or on the release of substrate [175] . To further clarify the binding site of the compound, 14 C-DSG was cross-linked to purified bovine Hsc70 by addition of EDC (1-ethyl-3-(3-dimethoxyaminopropyl)-carbodiimide). Interestingly, mass spectrometry analysis of the resulting peptide fragments localized the binding site to the C-terminal amino acids, EEVD, which is the same site of binding to the TPR-domain co-chaperones. Consistent with this binding site, DSG was also found to bind Hsp90 with an affinity of 5 M [176] .
DSG is likely the Hsp70 modulator with the bestcharacterized clinical utility. Although DSG was originally identified as a potential anti-bacterial agent, it also has antitumor activity and it has found clinical use in organ transplantation and autoimmune diseases [177] [178] [179] . DSG prolongs survival time after allogenic graft and minimizes acute rejection. Unfortunately, its mechanism-of-action is poorly understood and the potential roles played by its Hsp70/90 binding are unclear. One possibility arises from observations that DSG interferes with antigen processing/ presentation by monocytes, which is an Hsp70-dependent process [180] . Alternatively, DSG has been found to block B cell development by inhibiting the nuclear translocation of transcription factor NF-B [181] , another activity that may involve Hsp70 and Hsp90. Similarly, it was shown that DSG kills the malaria parasite by interfering with the trafficking of essential proteins [182] . Unlike other immunosuppressive agents, such as FK506 and cyclosporin A, DSG does not suppress cytokine production (IL-1, IL-2) but does inhibit cytotoxic lymphocyte (CTL) induction [183] . Consistent with this model, DSG prophylaxis with FK506 improves long-term graft survival in renal transplant patients [184] . Unfortunately, DSG has a very low bioavailability (<5%) and is very unstable in aqueous solution because of its labile hydroxylglycine group. To address this issue, Renaut et al., developed an alternative synthetic route in which this group was substituted by a malonyl unit. In a graft-versus-host disease (GVHD) model in mice, these derivatives were found to be significantly more stable, although the SAR around the spermidine moiety is restricted [185] . One of the lead compounds, LF 15-0195, was less toxic and more potent than DSG in a renal allograft rejection primate model, suggesting that further chemical optimization might improve the performance of these compounds [186] . Thus, the strong biological data around these compounds make a case for further development. At the same time, there are many uncertainties in their molecular mechanism-of-action and there are pharmacological hurdles to overcome.
TARGETING THE CO-CHAPERONES J-protein Substrate Mimetics
As discussed above, J-domain co-chaperones deliver substrate peptides to Hsp70 and stimulate ATP turnover. Consistent with the importance of these functions, Bischofberger et al. reported that D-peptides targeting E. coli DnaJ inhibit chaperone-dependent luciferase refolding in vitro [187] . The peptides were further shown to inhibit DnaJ stimulated ATPase activity of DnaK, which genetic studies have shown to be critical under physiological conditions. These compounds are thought to compete with natural substrates for binding to DnaJ, thus preventing its capacity to engage in productive interactions with the chaperone complex. These results highlight one of the interesting aspects of Hsp70 as a target; compounds might impact Hsp70 functions indirectly via the essential co-chaperones. Such approaches might be expected to have lower toxicity and greater selectivity, although this model remains to be tested.
Inhibitors of the TPR Domain
Another strategy that has been reported recently is direct targeting of the TPR-domain. Using an AlphaScreen highthroughput approach, Yi and Regan identified pyrimidotriazinediones that interfere with the Hop-Hsp90 interaction [188] . These compounds were toxic to WST-1 cells in vitro, consistent with an important role for this contact. In theory, a similar route could be used to develop selective inhibitors that decouple this class of co-chaperones from their contact with Hsp70.
PROSPECTUS AND FUTURE OPPORTUNITIES
Hsp70 regulates multiple aspects of protein homeostasis. As such, it has been linked to numerous diseases and it has been suggested as a potential therapeutic target for many indications. Genetic and biochemical studies support this model and limited pharmacological findings have also provided intriguing insights. However, the discovery of potent, selective and well-characterized Hsp70 modulators remains an on-going task. Given recent clinical success with other proteins in the proteostasis network, such as Hsp90 or the proteasome, aggressive pursuit of Hsp70 seems worthwhile. The challenge will be to identify potent and selective chemical scaffolds that target the many functions of this chaperone.
In this review, we have focused on the interesting structural biology of Hsp70 and its many co-chaperones and how these complexes might provide unique opportunities for drug discovery. Specifically, Hsp70 operates as part of a combinatorial, multi-protein complex, with protein-protein interfaces, allosteric sites, a catalytic center and a distinct substrate-binding cleft. Partly owing to this structural and regulatory complexity, many different chemical scaffolds have been reported to interact with Hsp70 and their binding sites are spread across the chaperone's surface. Importantly, many of these first-generation compounds have biological activities and both activators and inhibitors appear to have useful applications. While the complexity of Hsp70 makes it a challenging target, the same complexity also creates opportunities to design molecules with interesting capabilities. Based on the limited evidence collected thus far, we suggest that the toolbox of Hsp70-targeted compounds will include compounds that operate at distinct sites and impact distinct functions. Ultimately, each disease system might require a specific Hsp70 modulator that tunes the proteostasis boundary to the desired and appropriate level. Thus, the goal of this pharmacological intervention will be to restore balance to the system and the number and diversity of chemical probes may need to mirror the complexity of the biology.
